We propose a non-universal U (1) X extension to the Standard Model with three families and an additional global anomala Peccei-Quinn (PQ) symmetry. The breaking of the former allows us to give masses to the exotic fermionic sector and the later generates the necessary zeros in the mass matrices to explain the fermionic mass hierarchy. In addition, the large energy scale associated with the spontaneously breaking (SSB) of the PQ symmetry provides a solution to the strong CP-problem and an axion that could be a possible dark matter candidate. Also, the SSB allows to generate right-handed neutrino masses, so the active neutrinos acquire eV -mass values due to the see-saw mechanism implementation.
Introduction
A U (1) X extension of the Standard Model (SM) with a U (1) P Q symmetry is built and explored by considering a non-universal X charge assignment that makes the model anomaly free with the inclusion of additional quarks and leptons. In [1] a Z 2 symmetry was introduced to produce an ansatz for the fermion mass matrices. In the present version we have replaced the discrete symmetry by a PQ symmetry. This election produces the same Yukawa lagrangian, also requiring the use of two Higgs doublets and generating solution to the strong CP-problem. This two Higgs doublets are considered to break the electroweak symmetry and give masses to the top and bottom quarks at tree level. The singlet χ with vacuum expectation value (VEV) v χ produces the breaking of the horizontal symmetry and generates masses of the exotic particles and singlets. We also consider two additional scalar fields; σ is necessary to produce the masses of the lightest fermions through radiative corrections and the scalar S causes the breaking of the PQ symmetry and gives masses to the right-handed neutrinos allowing to generate masses through a see-saw mechanism to the lighter active neutrinos.
Scalar sector
In the present model, there are two inherent large scales: the first is associated with the SSB of the PQ symmetry, which provides a solution to the strong CP-problem and generates a viable candidate for dark matter (axion). The other is related to the χ singlet with VEV v χ which allows the spontaneous breaking of the U (1) X symmetry as mentioned above. The hierarchy between the
, v χ ∼ T eV and v S ∼ 10 10 GeV is the VEV of the S-singlet. The implementation of an anomalous PQ symmetry through a DFSZ model [2] generates the ansatz for the mass matrices of fermions, Scalar bosons X U (1) P Q Higgs Doublets
Higgs Singlets Table 1 : Non-universal X quantum number and U (1) P Q for Higgs fields.
giving an explanation for hierarchy values and mixing angles. The assignment of the PQ charges generates several restriction on the scalar potential, that can be expressed as:
where the term proportional to λ 14 is necessary to avoid trivial PQ charges for the scalar sector and taking µ 2 σ > 0 to avoid VEV of the σ fields. After symmetry breaking all Higgs doublets and singlets (except for σ) acquire a VEV which allows us to construct a squared mass matrix M 2 R for CP-even scalar particles in the (h 1 , h 2 , ξ χ , ξ S ) basis:
This matrix has Rank M 2 R = 4 and we define λ 5 = λ 4 + λ 5 . In order to obtain the eigenvalues, we use the VEV hierarchy v S v χ v to calculate them perturbatively. Through the scaling of couplings in the scalar potential in eq. (1), it is possible to made our model technically natural generating an explicit decoupling between SM and the neutral singlet on the PQ-scale. So, requiring the relations:
is possible to build a natural hierarchy between the PQ and electroweak scale, without unpleasant fine tuning [3] . The leading-order contribution to the M 2 R -matrix is giving by:
So, at LO, the heaviest eigenvalues are decoupled from the electroweak scale and keeping only O(v 2 ) terms, the eigenvalues of the CP-even sector can be listed as:
where the lightest corresponds to the Higgs boson with mass of 125GeV . The pseudo-scalar matrix in the basis (η 1 , η 2 , ζ χ , ζ S ) is giving by:
This matrix contains three zero-mass modes, two corresponding to the would-be Goldstone bosons eaten by the Z, Z and one corresponding to the axion that acquires mass by non-perturbative QCD. The massive state corresponding to the A 0 pseudoscalar boson is:
For the charged scalar sector, we have the rank 1 matrix:
which implies one would-be Goldstone associated to the W ± µ boson and one charged Higgs with mass equal to:
The U (1) X symmetry generates an additional term in the covariant derivative:
and, after symmetry breaking, the
The neutral gauge bosons (W 3 µ , B µ , Z µ ) masses are obtained for the following matrix:
which have one eigenvalue equal to zero and two eigenvalues corresponding to the masses of the Z, Z bosons:
The matrix that diagonalized M 0 is given in [1] and has the form:
where tan θ W = g g is the Weinberg angle and s Z is the mixing angle between Z and Z gauge bosons:
In order to define the mass eigenstates associated with the Goldstone bosons of the Z and Z gauge fields (10), it is necessary to use the bilinear terms Z µ ∂ µ G Z that coming from the kinetic term of the scalar fields. These contributions are expected to be canceled out with the bilinear terms originated in the gauge fixing. The covariant derivative (9) in function of the mass eigenstates can be written as:
The gauge-fixing lagrangian in the Feynman gauge is:
Thus, matching the contributions of the covariant derivatives with the bilinear terms from the gauge fixing is possible to obtain the Goldstone bosons:
The definition of Goldstone bosons allows us to impose new conditions for PQ-charges in order to decouple the axion.
PQ coupling to gauge bosons
Under the U (1) P Q symmetry, the scalar fields transforms as:
and the current associated with the PQ-transformation is given by:
which must be orthogonal with neutral currents at low energy, leading to the following restrictions:
In addition, the λ 14 term in the scalar potential (1) generates the following equation:
So using eqs. (19), (20) and choosing the normalization condition
it is possible to write:
3 Fermion sector In ref. [1] it was found that considering the U (1) X model with an additional Z 2 symmetry, it is possible to explain the hierarchical masses of the fermions. In the present work we change the Z 2 -symmetry for a PQ-symmetry that generates the same Yukawa lagrangian and the same ansatz for the masses. Thus, we propose the same Yukawa lagrangian of the ref. [1] and find a solution for the set of PQ-charges taking into account the restrictions coming from the scalar potential (1) and restrictions from axion decoupling at low energies. The most general lagrangian for the quark sector is:
Quarks X P Q Leptons X P Q SM Fermionic Isospin Doublets Table 2 : Non-universal X quantum number and P Q Charge for SM and non-SM fermions. and the lagrangian for the neutral and charged leptonic sector has the following structure: 
Non-SM Quarks Non-SM Leptons
The restrictions on the set of PQ charges in order to obtain the lagrangians with the appropriate ansatz to be able to generate masses in the fermionic sector is given in table (2) . In addition, the restrictions imposed by eqs. (1), (23) and (24), implies a PQ charge for the Higgs singlet σ is:
Then, it is possible to build the rotated mass squared matrices for the up and down sector through a see saw mechanism: The u, d and s quarks turn out to be massless, so it is necessary to introduce radiative corrections to the model. These corrections are shown in the Figure (1) in the diagrams (a) for the up sector, which adds small contributions to the m 2 U matrix through the term:
where:
and (b) for down sector, through the coupling with the scalar singlet σ generating a one-loop correction of the form:
In relation to the charged leptonic sector, the hierarchy obtained in the squared mass matrix can be analyzed again through the see saw mechanism. The PQ charges configuration allow us to build the extended mass matrix for the charged leptons in the following way:
In the same way as in the model [1] , the electron does not acquire mass at tree level, so is necessary to implement radiative correction in order to produce finite mass, that corresponds to the Σ ij entries in the M LC matrix associated to the Figure (2) , taking in account the interactions with the σ-singlet.
For the neutral sector, assuming the condition of the existence of the right-handed neutrino fields, the mass term in the basis N = ν e,µ,τ L , ν e,µ,τ R C T has the form: Figure 2 : Mass 1-loop corrections for the electron From eq. (24) it is possible to see that after SSB, the right-handed neutrinos get masses [4] , proportional to:
where i, j = e, µ, τ and the Dirac masses are given by:
with i = e, µ, τ and a = e, µ. The last row associated with τ is forbidden by the PQ-symmetry, generating a massless active neutrino. Then, under the see-saw mechanism, the light masses are of the form
For instance, if v 2 ∼ m τ and v S ∼ 10 10 GeV , the lighter neutrinos has a mass in the order of ∼ O(eV ).
The diagonalization of m ν determines the mass eigenvalues where the lightest state has mass equals to zero, and the other two are associated with squared mass differences ∆m 2 12 , ∆m 2 23 depend on the Yukawa couplings [8]. The mixing θ-angles that produces the PMNS matrix are obtained in the same way as in [1] , where we identified µ N v 2 χ , coming from the inverse see-saw mechanism, with 1 v S . Using experimental data is possible to find the allowed parameter regions for the Yukawa couplings h νi 2a consistent with the neutrino oscillations [6] which are shown in tables IV and V in [1] .
Conclusions
The introduction of the U (1) X and the additional U (1) P Q symmetry to the SM allow to understand three fundamental problems. The model provides an elegant solution to the strong CP-problem, also generates a correct hierarchy for the masses of the fermionic sector and gives a new scale to the see-saw mechanism, generating masses for the active neutrinos.
